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VSummary
The rate of diffusion of calcium through single 
crystal magnesium oxide was studied in the temperature 
range 1000°C to 1700°C. Radioactive ^ C a  was used as a 
tracer and its motion was followed hy autoradiography.
The temperature dependence of the diffusion coefficients 
found can he expressed hy the relationship:
D - DQexp(-Q/kT)
c pwhere DQ= 2.7x10”^cm /sec 
Q = 2.1 eV
These results agree with previously published work on the 
diffusion of the transition metal ions, Fe, hi and Co in 
magnesium oxide. Several possible diffusion mechanisms 
which might operate in these cases are discussed.
Some similar measurements of the diffusion of nickel 
into single crystal magnesium oxide and calcium into poly- 
crystalline magnesium oxide are also described. The results 
for the polycrystalline samples show very large peretrat- 
ions along grain boundaries.
1. INTRODUCTION
At present the Australian Atomic Energy Commission is
proposing to "build a high-temperature, gas-cooled reactor
moderated by beryllium oxide* This material has the attractive
nuclear properties of low absorption cross-section for
neutrons and high moderating ratio, as well as being a good
ceramic and therefore able to retain its strength at the
elevated (800-1000°C) temperatures to be employed*
2The proposed fuel elements for the reactor will be 
spheres of beryllium oxide, about an inch in diameter, through 
which the plutonium and thorium fuel particles have been 
evenly dispersed. Two of the major practical difficulties 
associated with this method of reactor construction are the 
decreasing strength of the beryllia due to build-up of rad­
iation damage and the contamination of the coolant gas by 
the loss of fission products. Both of these problems are 
closely related to the basic atomic diffusion parameters for 
single and polycrystalline beryllium oxide.
Self diffusion of beryllium oxide will tend to counteract 
the damage caused by the neutron flux, for as the lattice is 
distorted, it will tend to heal itself by the random motion 
of the ions (diffusion). However, to date measurements have 
only been made of the self-diffusion of beryllium oxide^*^.
A step further at this stage would be to investigate methods 
of increasing the self-diffusion rate, so as to decrease
the rate of build-up of the radiation damage.
2
An ■understanding of the loss of fission products requires 
a knowledge of their diffusion rates as impurities in beryl­
lium oxide* Such information is not available because direct 
measurements have not yet been made, and because no suitable 
correlation has yet been established to enable even a rough 
prediction to be made of their relative rates of diffusion* 
This situation operates generally for solids of this type, 
and is to be contrasted with the case of metals where it is 
now possible to make semi-quantitative predictions of this 
character in certain systems. For example, a range of impu­
rities has been diffused into the noble metals Ag, Au and Cu 
and it is found^ generally that the relative diffusion rates 
are controlled by the excess valence of the impurity atoms 
relative to that of the solvent*
Most of the work to date on cation diffusion in simple
ß 7oxides has been restricted to self-diffusion9 * • The study 
of the oxides is complicated by the fact that the atmosphere 
under which the diffusion takes place has to be specified.
The concentration of oxygen vacancies will vary with the part­
ial pressure of oxygen in the atmosphere during annealing and 
this will influence the diffusion rates. Therefore, if two 
experiments are to be compared sensibly, they must have been 
carried out in the same atmosphere. In a more general way, 
before comparisons between the impurity diffusion rates in 
different solvents can be made, the relative diffusion rates
3of  a r an g e  of  i m p u r i t i e s  i n  th e  i n d i v i d u a l  s o l v e n t s  sh o u ld  
be m ea su re d ,  so as  t o  r e v e a l  f i r s t  of  a l l  t h e  p a r a m e t e r s  gov­
e r n i n g  t h e  v a r i a t i o n  i n  t h e  s i m p l e r  s i t u a t i o n .  When t h e s e  
p a r a m e t e r s  have b e en  e s t a b l i s h e d  i n  a  number of s o l v e n t s ,  
co m p a r iso n s  be tw een  s o l v e n t s  and t h e r e f o r e  e x t r a p o l a t i o n  t o  
o t h e r s  becomes p o s s i b l e .
As f a r  as  i s  known, o n ly  one such  i n v e s t i g a t i o n  h a s  b e e n
9
c a r r i e d  ou t  i n  t h e  case  of s im p le  o x i d e s .  Wuensch and V a s i l o s  
m easured  t h e  d i f f u s i o n  of t h e  t r a n s i t i o n  m e t a l  i o n s ,  i r o n ,  
c o b a l t ,  and n i c k e l  i n  s i n g l e  c r y s t a l  magnesium o x id e .  They 
found  t h a t  t h e  l o g a r i t h m  o f  t h e  a c t i v a t i o n  e n e rg y  f o r  i m p u r i t y  
c a t i o n  d i f f u s i o n  i n  m a g n e s ia  i s  p r o p o r t i o n a l  t o  th e  r a t i o  o f  
t h e  r a d i u s  of t h e  c a t i o n  t o  i t s  i o n i c  e l e c t r o n i c  p o l a r i z a b i l ­
i t y .  ( f i g . 1 .1 )  I n  t e rm s  o f  an  e q u a t i o n  f i t t e d  by l e a s t  s q u a r e s  
t h i s  r e s u l t  may be w r i t t e n :
l o g p o C Q A - j )  = k 2 ( r A )  .................................................................... ( 1 . 1 )
where Q = a c t i v a t i o n  e n e rg y  i n  eV 
r  = i o n i c  r a d i u s  i n  cm
<=* = i o n i c  e l e c t r o n i c  p o l a r i z a b i l i t y  i n  cm2
k^= 1. 40eV
k 2= 0 .0 6 6 2 x l 0 " 1 6 cm2
The aim of t h e  p r e s e n t  work,  t h e  d i f f u s i o n  of c a l c i u m  i n  
magnesium o x id e ,  i s  t o  e x te n d  t h e  d a t a  on i m p u r i t y  d i f f u s i o n  
i n  o x id es  g e n e r a l l y ,  and i n  p a r t i c u l a r  t o  t e s t  w h e th e r  t h e
c o r r e l a t i o n  s u g g e s t e d  i n  t h e  magnesium ox ide  sy s te m  h o l d s  f o r  
o t h e r  t h a n  t r a n s i t i o n  m e ta l  i o n s .  I t  i s  p o s s i b l e  t h a t  t h i s
• .  */5
4
5type of relationship may he found, in due course, to he app­
licable to other systems such as beryllium oxide. Prom what 
has been said above, this could lead to a better understand­
ing of such diffusion-controlled properties as the loss of 
fission products from beryllia-moderated fuel elements.
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72. MATERIALS
D e t a i l s  o f  S in g le  C r y s t a l s .
D i f f u s i o n  e x p e r im e n ts  were c a r r i e d  o u t  i n  v i r t u a l l y  a l l  
c a s e s  u s i n g  s i n g l e  c r y s t a l s  o f  magnesium o x id e ,  some of t h e  
p r o p e r t i e s  o f which a re  l i s t e d  i n  t a b l e  2 . 1 .  As d i f f u s i o n  
r a t e s  i n  th e  case  of i o n i c  s o l i d s  have b e e n  found t o  be s t r -  
o n g ly  d ep en d en t  on d e f e c t  and im p u r i t y  c o n te n t  , i t  was im­
p o r t a n t  t o  e n su re  t h a t  i n  th e  p r e s e n t  s tu d y  c r y s t a l s  o f th e  
h i g h e s t  p u r i t y  a v a i l a b l e  were u s e d .  A n a ly s i s  o f th e  p r e s e n t  
c r y s t a l s  and th o s e  u se d  by p r e v io u s  a u th o r s  a r e  g iv e n  i n  
t a b l e  2 .2 .  The c r y s t a l s  s u p p l i e d  by th e  N orton  G o ., W o rc e s te r ,  
M ass, and by S em i-E lem en ts  I n c . ,  S axonbu rg , P a . b o th  have a 
p u r i t y  of o n ly  9 9 .7 $  a c c o r d in g  t o  th e  m a n u f a c t u r e r s .  As can
be s e e n  from  th e  t a b l e ,  v a r i o u s  a u th o r s  have  found  t h e s e  c r y -
2
s t a l s  p u r e r  t h a n  t h i s .  The e x p l a n a t i o n  g iv e n  i s  t h a t  th e  
m a n u f a c t u r e r ' s  d a t a  r e p r e s e n t s  a  b a tc h  p u r i t y  and t h a t  l a r g e  
v a r i a t i o n s  can  be found be tw een  i n d i v i d u a l  c r y s t a l s .  Wuensch 
and V a s i lo s ^  used  th e  c o lo u r  o f th e  N o r to n  c r y s t a l  a s  an i n ­
d i c a t i o n  of t h e i r  p u r i t y .  They assumed t h a t  th e  c o l o u r l e s s  
c r y s t a l s  were p u r e r  t h a n  th e  ones w i th  an  amber c o l o u r ,  and 
t h i s  was con firm ed  by  t h e i r  a n a l y s i s .  On th e  o t h e r  h a n d , 
Bowen^ s t a t e s  t h a t  he found  no r e l a t i o n  b e tw een  th e  c o l o u r  
and th e  im p u r i t y  c o n t e n t .  The im p u r i t y  c o n te n t  o f  th e  c r y ­
s t a l s  m a n u fa c tu re d  by  W. & C. S p i c e r  L t d . ,  G -los., E n g lan d  i s
♦  • • / 1 0
Table 2.1
Properties of MgO Single Crystals
Property Value
Molecular weight 40.32
Density 3*65 gm/cc
Structure f.c.c.
Refractive index 1.736
Colour colourless
Melting point 2800°C
Coefficient of expansion 16x10-6 °C_1
Cleavage 000^ planes
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5nearly identical with those from the American sources*
The present source of supply, the Monocrystals Co*, 
Cleveland, Ohio, seems to be superior to any previously cited 
in the literature* The crystals show no colouration whatsoever, 
so the problem of grading by colour does not arise* They come 
in the convenient form of right cylinders diameter by
long* The analysis of these crystals by the Defence Standards 
Laboratory, Melbourne, although only a qualitative one, seems 
to confirm the manufacturer's claim of a 99*99$ purity*
Details of Polycrystals
Some experiments were also carried out on poly crystalline 
magnesium oxide* This material was supplied by Semi-Elements 
Inc* and had a stated purity of 99*97$« The qualitative 
analysis supplied by the Defence Standards Laboratory, given in 
table 2*3, shows that these polycrystals are slightly less 
pure than the single crystals supplied by the Monocrystals Co., 
but there is no reason to doubt the manufacturer's claim of a 
99*97$ purity. Two types of polycrystalline samples were pur­
chased. One had an average grain diameter of 0*1mm and was 
found, by direct mass and external dimention measurements, to 
have a density of 2.61gm/cc or 73$ of the single crystal 
density. The other had a grain diameter of 1.0mm and a density 
of 3*15gm/cc or 86$ of the single crystal density. These low 
densities indicate the presence of internal, macroscopic voids. 
This was confirmed by the many bubbles appearing on the surface
of the crystals when they were immersed in water.
The three types of crystals are shown in figure 2.1.
11
T ab le  2 .3
A n a ly s is  o f MgO P o l y c r y s t a l s
Im p u r i ty
Ca ST
Fe T
A1 FT
S i T
Pb T- ST ST = s t r o n g  t r a c e
B FT T 2 t r a c e
V N FT 2 f a i n t  t r a c e
Cu ST VFT = v e ry  f a i n t  t r a c e
I n VFT N 2 n o t d e te c te d
T i N
Mu FT
Cr FT
Sn FT
Ni VFT
Cd VFT
A g T
P o l y c r y s t a l s  s u p p l ie d  by S em i-E lem en ts I n c .  
A n a ly s is  by th e  D efence  S ta n d a rd s  L a b o r a to r i e s .
12
( a )  (b )  ( c )
MgO C r y s t a l s
( a )  S i n g l e  c r y s t a l
(b )  P o l y c r y s t a l  0.1mm g r a i n  s i z e
( c )  P o l y c r y s t a l  1.0mm g r a i n  s i z e
13
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H3. GENERAL METHOD
Radioactive Tracer Technique.
The use of radioactive isotopes is the most convenient 
method of studying the diffusion of impurities at near-zero 
concentrations. Even though the ratio of the diffusion co­
efficients for different isotopes of the same chemical species 
can he as great as the ratio of the square roots of their mass 
numbers , this variation is negligible in most cases. Thus 
it is permissible to take the diffusion coefficients found by 
radioactive isotopes as applicable to other atoms of the same 
chemical species.
Some of the advantages of the technique are that the im­
purity can be easily detected by virtue of its radiations, 
using the usual methods of G.M. or scintillation counting or 
autoradiography. All of these methods are extremely sensit­
ive. For example, 100 counts per second from carrier-free 
45Ca detected with a G.M. counter corresponds to a mass of 
-1 52.5x10 gms. Lastly each radioactive isotope has a charact­
eristic radiation and a specific half-life so that the tracer 
can be followed unambiguously.
If a radioactive tracer is to be useful as a tracer in
diffusion, it should possess certain properties:-
a) its half-life should be sufficiently long.
This is because diffusion runs, especially at low 
temperatures, sometimes take several months to comple^
15
b) its specific activity should he high, so that 
small quantities of the impurity can be detected 
easily.
c) the radiation itself should be of a type which 
is easily detectable.
d) if possible, its production should be easy.
Of the several detecting methods available, a photo­
graphic one was chosen for the present work. The motion of 
the calcium through the magnesium oxide was followed by autor­
adiography. One advantage of this method is that it is very 
simple and no elaborate equipment is required. The other 
most often employed method of determining penetration profiles 
is by serialljr sectioning through the diffusion zone and sub­
jecting each of the layers removed to radioactive assay. In 
the present case, because of the very small diffusion rates 
operating, the peretrations involved are small so that section 
removal by precision grinding would have to be adopted. How­
ever, because MgO cleaves very readily, this method might be 
more difficult than usual. Of much greater importance is the 
fact that the autoradiographic method yields individual co­
efficients from different regions of the same crystal, whereas
serial sectioning gives only an average diffusion coefficient.
2This last point is important as it has been suggested that 
the MgO at present available is inhomogeneous because of se­
gregated impurities.
16
S o l u t i o n s  of  t h e  D i f f u s i o n  E q u a t i o n .
When t h e  d i s t r i b u t i o n  of  t h e  t r a c e r  i n  t h e  spec im en  h a s  
b e e n  d e t e r m i n e d ,  t h e  d i f f u s i o n  c o e f f i c i e n t  o p e r a t i n g  h a s  t o  
be f o u n d .  The s t a r t i n g  p o i n t  f o r  e v a l u a t i n g  d i f f u s i o n  co­
e f f i c i e n t s  i s  F i c k ’ s second law :
dC J L Y ti 
d t  ~ d x r  dx ) ............................................................... ( 3 . 1 )
where D = d i f f u s i o n  c o e f f i c i e n t
G = c o n c e n t r a t i o n  of t h e  i m p u r i t y  
x = p e n e t r a t i o n  d i s t a n c e  
t  = d i f f u s i o n  t ime
T h is  ty p e  of d i f f e r e n t i a l  e q u a t i o n  i s  v e r y  common i n  
many b r a n c h e s  of p h y s i c s  ( e g .  h e a t  f lo w  and p o t e n t i a l  t h e o r y )  
and many s o l u t i o n s  s p e c i a l l y  a p p l i c a b l e  t o  d i f f u s i o n  have  
b e e n  e v a l u a t e d ^ ’ ^ .
I f  D does n o t  v a r y  w i t h  c o n c e n t r a t i o n  t h e n  eqn .  3«1 can  
be w r i t t e n :
dO n  ä2C
^ ' ” 5 7  ............................................ <3 .2 )
As w i t h  any d i f f e r e n t i a l  e q u a t i o n  a  u n iq u e  s o l u t i o n  c an ­
n o t  be found  u n t i l  t h e  b o u n d a ry  c o n d i t i o n s  a r e  s p e c i f i e d .
F o r  a t h i n  s u r f a c e  s o u r c e  d i f f u s i n g  i n  a sandw ich  ty p e  
g e o m e try ,  t h e  b o u n d a ry  c o n d i t i o n s  can  be w r i t t e n :
| x | > 0  C 0 a s  t  0
x = 0  a s  t - *  0
As can  be v e r i f i e d  by d i r e c t  s u b s t i t u t i o n  i n  eqn .  3 »2,  
t h e  s o l u t i o n  i n  t h i s  c a se  i s :
. / i p
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THEORETICAL PENETRATION PROFILES
C = Co
0-2  -
C = Cs erfc (
Penetration ( X )
FIG. 3 - I
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C = (« /2 -f im )e x p (-x 2/4 D t ) ................................. ( 3 . 3 )
wherec< i s  th e  t o t a l  amount of su rfa c e  d e p o s it .  The C v s . x 
p r o f i l e  of t h i s  eq u a tio n  i s  g iven  in  f i g . 3.1# H e re a f te r  
eq u a tio n  3*3 w i l l  be r e f e r re d  to  as " th e  G aussian s o lu t io n " .
A consequence of t h i s  s o lu t io n  i s  th a t  th e  t o t a l  amount 
of d i f fu s in g  ^im purity o r so lu te  rem ains f ix e d  because:
yc(x,t)dx = o<
- « ©
Eqn. 3*3 can be w r i t te n  in  th e  form:
C = C0ex p (-x 2/4D -t).............................................(3 .4 )
Taking lo g s :
InC -  lnC0 = - x2/4 M
p
I t  i s  seen  th a t  th e  graph o f InC v s . x i s  a s t r a i g h t  
l i n e ,  th e  s lope  of which i s  - l /4 D t .  I f  th e  d i f fu s io n  i s  
c a r r ie d  out f o r  a known tim e, D i s  th en  e a s i ly  determ ined .
I t  has been p o in ted  out th a t  some p re c a u tio n s  have to  be 
tak en  i f  t h i s  s o lu t io n  i s  to  be a p p lie d . The d ep o sited  la y e r  
(d) should be th in  because a t  t  = 0 i t  i s  assumed to  be lo c a te d  
e n t i r e ly  a t  x = 0 . M athem atica lly  t h i s  can be w r i t te n  d « 2 / 5 t .  
A lso, i t  i s  assumed th a t  a l l  o f th e  i n i t i a l  d e p o s it o < p a r t­
i c ip a t e s  i n  the  d i f fu s io n  p ro cess  from t  = 0 . I n  o th e r  w ords, 
th e  s o l u b i l i t y  of th e  im p u rity  in  th e  so lv e n t should  be la rg e  
so th a t  th e  t o t a l  amount oC* can go in to  s o lu t io n ,  and i t  
should do so in  a tim e which i s  s h o r t compared to  th e  t o t a l  
an n ea lin g  tim e . I t  i s  u su a l to  tak e  t h i s  i n i t i a l  p e rio d  to  
be no g r e a te r  th an  1$ of th e  t o t a l  an n ea lin g  tim e .
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I f  th e  s o lu b i l i ty  i s  sm all o r the  d ep o sited  la y e r  th ic k ,  
th e  d i s t r ib u t io n  w il l  approxim ate th a t  which occurs f o r  d i f ­
fu s io n  from a co n s tan t source# P h y s ic a lly , th e  c o n c e n tra tio n  
of th e  im p u rity  a t  the su rfa ce  w i l l  reach  th e  s o lu b i l i ty  l im i t  
of th e  so lv e n t very  r a p id ly  and more so lu te  can d is s o lv e  only 
when th i s  has d if fu se d  in to  th e  i n t e r i o r  of th e  so lven t#  Thus 
i f  th e re  i s  an ample supply  of s o lu te  on the  su rfa ce  th e  amount 
of so lu te  j u s t  in s id e  th e  su rfa ce  w i l l  n o t drop below th e  
s o lu b i l i t y  l im i t  du ring  th e  whole d i f fu s io n  annealing# Thus 
the  c o n d itio n s  f o r  d i f fu s io n  from a c o n s ta n t source w i l l  be 
s a t is f ie d #
The boundary c o n d itio n s  f o r  t h i s  can be w r i t te n :
C = 0 a t  t  = 0 f o r  0<x<oo 
and C as C a t  x = xa f o r  0<t< oo 
and th e  correspond ing  s o lu t io n  o f eqn* 3#2 i s :
C = C e r f c ( x - x a/ 2 / l ) t ) ............................. . . # . • • # • ♦ • ( 3 * 5 )
3 3
where C i s  the  s o lu b i l i t y  l im i t  of th e  prim ary  phase 
and xg i s  th e  th ic k n e ss  of th e  zone of s u rfa c e  phases where 
the  c o n c e n tra tio n  i s  g r e a te r  th an  the  s o l u b i l i t y  l im it#  The 
a p p l ic a b i l i t y  o f th i s  s o lu t io n  assumes th a t  x_ i s  independen t 
of time* In  th e  p re se n t work i t  has been found th a t  th e  s u rfa c e  
zone i s  u n d e te c ta b ly  sm a ll, so th a t  xg = 0 .
The C vs* x p r o f i l e  of t h i s  eq u a tio n  f o r  x = 0 i s  g iv en  
in  f ig *  3*1 • H e re a f te r  eq u a tio n  3*5 w il l  be r e fe r re d  to  as
“th e  e r r o r —fu n c tio n  so lu tio n "*
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One way to find D from this solution would be to plot
erfo”1 (C/C )vs. x. The slope of this straight line graph is s
l/2jDt which determines D.
The difficulty with this solution is that it relies on
the value of C which has to be estimated from the graph of s
C vs x and if C is inaccurate, then the whole calculation s
is effected, A method has to be found which gives D and is 
independent of surface conditions.
Differentiating eqn. 3«5 and putting xg = 0
dC/dx = -C .X/TTDt exp (-x2/4Dt) ..............(3*6)
(Cf. thin surface source solution, eqn. 3*3)
By plotting ln(dC/dx) vs. x2, a straight line graph with 
a slope -l/4Dt is obtained, thus D can be determined by a method 
independent of surface conditions, (since xg = 0).
The experimental scatter of the initial data, however, will 
be greatly increased because the slope, dC/dx, has to be eva­
luated between adjacent points, therefore malting it possible 
to apply eqn. 3*6 to only a few selected cases. This effect 
is shown in figure 3*2. Although both examples have reasonably 
"smooth" C vs. x and InC vs. x2 graphs, only example (a) has a 
ln(dC/dx) vs. x2 graph resembling a straight line. The ln(dC/dx 
vs. x2 graph for example (b) shows a much larger scatter and 
no trend in the slope. Although the scatter in example (a) is 
still very large, it is the best straight line graph obtained 
by this method in the present work.
. .  ./22
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£It has been reported that the solubility of calcium in
magnesium oxide is very small and this combined with the fact
that it is difficult to deposit a very small quantity of
calcium indicates that the error function solution should be
applied in this case (see appendix 3*1)* However, it is
possible to apply the more convenient Gaussian solution for
the actual evaluation of the associated diffusion coefficient
7and to subsequently introduce a correction factor •
If the diffusion coefficient supposedly calculated by
applying the error function solution is denoted by Dc and the
diffusion coefficient calculated by applying the Gaussian
solution is D , it is possible to evaluate the ratio 3^/D as
a function of x//d  t . In this way it is found that:c
= 2 . exp(-x2/4Det) ........... (3.7)
D TtT x erfc(x/2>/l> t) a c
This equation is plotted in fig. 3*3«
Two interesting consequences of this analysis are that
as x becomes very large the two solutions become identical
and that if D is evaluated using the Gaussian solution, when
in fact the error function should apply, then the fractional
error in the apparent value of D will be constant, providing
the same value of x/Jjyt operates in every case.
In the present work, all diffusion coefficients were
evaluated using the Gaussian solution, between limits for x
. .  ./24
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of *Jl)t and 3^Dt. So that in this case, the effective value
of hc /Da was calculated by numerical intergration to be app­
roximately 1.5. Thus even if all the penetration profiles 
are of the error function type, the Gaussian solution can 
still be applied because then all the D's will be too low by 
a factor of 50^. Because the temperature dependence of the 
diffusion coefficient follows the law:
D = Dq exp(-QAT) ....................... (3.8)
where Q = activation energy 
Dq= frequency factor 
k = Boltzmann's constant 
T = absolute temperature
the activation energy, which is the most important parameter, 
is not effected by this procedure. Only Dq will be too small 
but may be corrected for by applying the calculated value of 
Pc:/ra which is operating. Such a procedure gives an accurate 
value for the activation energy but the frequency factor, as 
is common in this type of work, will be subject to fairly large 
uncertainties.
Appendix 3.1
Calculation of Minimum Surface Deposit of Calcium Required 
for Error-Function Solution to Apply.
The integral over x from 0 to ooof eqn. 3*5 represents 
the total amount (s) of impurity which has gone into solution 
during the annealing time.
Thus: s = /cgerfc(x/2J5t)dx............... •...♦.(3.9)
o/
Now if m is the total amount of impurity deposited on 
the surface then m must be greater than s, if the error- 
function solution is to be applicable. In other words, all 
the impurity has not gone into solution during the annealing.
Now, Jerf(x)dx = xerf(x) + _1exp(-x2) + const. ...(3*10)
Putting u
2>/Dt
JR
in eqn. 3*9:
s = Cg2jmJ(1-erfu)du ....... (3.11)
Applying eqn. 3#10:
s = C 2</St ju - uerf(u) - J_exp(-u2 )3S ^ o
- C 2/Dt(<*>- 0 - ° °  + 0 - 1 . 0  + 1  )
= C_2_Dt ..........................(3.12)
8 ,/n-
A solid solubility of calcium oxide in magnesium oxide
n ftas high as 1 wt.$ at 1600°C has recently been reported0. By
extrapolation it is estimated that the solubility at 1000°C
would be 0.01 wt.$. By considering a crystal of unit cross-
section the solubility limit, C , of calcium in magnesium
oxide can be expressed in terms of gm/cm.
Taking two typical examples:
Temperature (°C) 960 1600
Diff. coef. (cm2/sec) 2x10~14 4x10"11
Time (sec) 11x106 6x10^
Sol. limit (wt.$) 0.01 1.0
Sol. limit (gm/cm) 3.65x10"4 3.65x10'
♦ *.s, amount of impurity 1.9x10-7 2.0x10“'
-2
in solution (gm)
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The total amount of deposit, m, was approximately 2x10 
gm in each case so that, according to the solubility data, 
the Gaussian solution should apply at the higher temperatures 
while the error-function solution is applicable at the lower 
ones. However, from the penetration profiles it was found 
that the error-function solution was operating in practically 
all cases. This evidence indicates that, even at the higher 
temperatures, the amount of impurity deposited was approximately 
equal to the total amount which could go into solution so that 
the reported solubility of at 1600°0 appears to be ten 
times too high.
_5
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4. EXPERIMENTAL DETAIL 
Radioactive Tracer
The tracer chosen for the present work was Ca which
emits of 0.25 MeV and has no other radiations. For
autoradiography soft radiations are more suitable than hard
radiations. Firstly, the less energetic particles are more
likely to be stopped by the emulsion and so produce a stronger
image, and secondly, their range in the specimen will be
smaller so that better photographic resolution will be possible.
The calcium was received as calcium chloride solution
with a specific activity of 2.5c ^Ca/gmCa. The absorbtion
spectrum immediately after arrival and 43 days later was
measured with a geiger counter and the results are shown in
45figure 4.1* It can be seen that the Ca contained some y- 
ray activity upon arrival but this disappeared after a very 
short time. The maxium energy of the fS> * s corresponded to
pabout 59 mgm Al/cm which in turn corresponds to an energy 
of 0.25 Mev. The absorption spectrum after 43 days was 
normalised to the first one by counting a 4C source in a 
known geometry on both days. After subtracting background 
in each case it was found that the ß activity had fallen to 
83.9$ of the original value. This corresponds to a half life 
of 168 days which agrees quite well with the more accurate 
published figure of 164 days.
A V spectrum of the calcium was also carried out just
after arrival and some time later. This showed that the y
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ABSORPTION OF RADIATION FROM Co IN ALUMINIUM.
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activity was mainly due to ^ C a  and that this decayed to a 
negligible level as the half-life of 4.7 days predicts.
A similar analysis was carried out on ^Ni as NiC^ which 
was used in later experiments. It also confirmed the purity 
of the radioactive material used.
Preparation of Diffusion Couples
The MgO crystals were cleaved parallel to the end faces, 
producing two cylinders i” high and in diameter and the cleaved 
faces were polished on diamond impregnated laps. The resultant 
faces were nearly optically flat, except for a slight curvature 
around the edge, as shown by the Newton’s rings obtained when 
two such faces were placed in contact. The ^^Ca was deposited 
as calcium chloride solution with a microsyringe. The total 
volume of the deposit was of the order of 0.02 ml containing 
approximately 2x10*”  ^gm of CaC^* It was difficult to obtain 
an even surface deposit because of the surface tension of the 
water, but this was overcome to some extent by depositing 
several small drops. The surfaces were allowed to dry in air 
and the two halves were then bound together with platinum wire 
to form a sandwich.
Heat Treatment
The diffusion runs were carried out in a high purity 
alumina sheath, sealed, but containing air at atmospheric 
pressure. During the initial runs the air in the sheath was 
monitored but no evaporation of the deposit could be detected.
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In all, three types of electrical resistance furnaces to­
gether with different controls were used. The first was a 
nichrome-wound furnace controlled by an Alnor Pyrotroller at 
the lowest (1050°C) temperatures. At the intermediate 
(1050-1500°C) temperatures a Johnson Mathey, platinum-rhodium 
furnace, controlled by a Cambridge photoelectric controller, 
using a 10/» Pt.Rh. thermocouple, was employed. The Johnson 
Mathey and a Hereaus pure rhodium-wound furnace, controlled 
by a Leeds and Northrup "Rayotube"* total radiation pyrometer, 
feeding into a Leeds and Northrup H type recorder-controller, 
were used at the highest (1500-1700°C) temperatures. The 
Hereaus furnace had a very short life at the high temperatures 
and was therefore not found to be really satisfactory. 
Temperature Measurement
Temperatures were measured with a Pye potentiometer 
(cat. No. 7556) using a 10^ Pt.Rh. thermocouple at the lower 
temperatures and an 18$ Pt.Rh. thermocouple at the higher ones 
and these temperatures were continuously recorded. The tip 
of the thermocouple was in contact with the specimen and to 
ensure that the readings did not drift with changes in 
ambient temperature a constant temperature, electric cold 
junction (Sunvic type CJ1) was employed. To further ensure 
that the temperature readings were accurate, all thermocouples 
used were calibrated by the National Standards Laboratory, 
Sydney and the Pye potentiometer used was checked against a
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T in s le y  V ern ie r  p o ten tio n m ete r (type  4363?) which had an 
accuracy  of 0.001$ a t  10 mV. The a c c u ra c ie s  of the  Pye p o t­
en tio m e te r  and the therm ocouple c a l ib r a t i o n  were 0 .1$  and 0 .2 $  
r e s p e c t iv e ly ,  so th a t  in d iv id u a l tem pera tu re  read in g s  were e s t ­
im ated to  have an accuracy  of 0 .3 $ .
T h is , of cou rse , i s  no t the  accuracy  to  which the  t o t a l  
d if fu s io n  run  tem peratu re  can be m easured. Because of the  
h ig h  tem p era tu res  in v o lv ed , th e re  was a f a i r l y  la rg e  o n -o ff  
f lu c tu a t io n  in  the  tem pera tu re  c o n tro l  and because of the  lo n g  
d if fu s io n  tim es some o v e ra l l  d r i f t  in  th e  c o n tro l tem pera tu re  
took p la c e . At 1600°C f o r  example, th e  e f f e c t s  of d r i f t  and 
th e  p resence  of an o n -o ff  cycle  produce ant u n c e r ta in ty  in  th e  
average an n ea lin g  tem p era tu re  of -  10 C e ls iu s  d eg rees . This 
0 .6 $  e r r o r  in  th e  tem pera tu re  produces a 10$ u n c e r ta in ty  in  the  
d i f fu s io n  c o e f f ic ie n t .
Furnace G rad ien ts
As i t  i s  d i f f i c u l t  to  o b ta in  a co n s tan t tem pera tu re  zone 
over any g re a t  le n g th  a t  the  c e n tre  of th e  fu rn a c e , care  has 
to  be ta k en  th a t  a sy s tem a tic  e r r o r  i s  no t in tro d u ced  because 
th e  tem p era tu re  measured by the  therm ocouple i s  no t th e  same 
as th a t  of th e  d i f fu s io n  zone. This was c o rre c te d  fo r  by 
m easuring th e  tem pera tu re  g ra d ie n ts  in  th e  fu rn aces  and fo r  
most cases  th e  d if fe re n c e  between th e  measured tem p era tu re  and 
th a t  o p e ra tin g  a t  the  d if fu s io n  zone was es tim a ted  to  be appr­
ox im ate ly  10 C e ls iu s  d eg ree s .
33
Annealing Time
The percentage errors involved in the measurement of time 
were very small because of the long diffusion times involved* 
The average heating-up and cooling-down time was half an hour 
and the duration of the diffusion runs was measured from when 
the specimen had reached f of its final temperature to when it 
had cooled down to the same value. In this way it was possible 
to estimate the total diffusing time to within an absolute 
accuracy of +, 10 minutes. In a run lasting 5 days this means 
a fractional error of 0.14$ while for a run of 2 months it is 
only 0.012$.
Thrmal Expansion
The effects of the thermal expansion of the magnesium 
oxide should also be mentioned. The penetration distances are 
measured in centimetres at room temperature, whereas the actual 
penetration distance during diffusion was larger because of 
the thermal expansion of the crystal. Therefore the diffusion 
coefficient should be increased by a factor C1-bemj/1r0Om)^ 
where l^emp is the length of the penetration at the diffusion 
temperature and lroom is the corresponding length at room 
temperature. For example, at 1200°C (l*fcemp A room) = 1*0180, 
and at 1800°C = 1*0306. This means that the
corresponding diffusion coefficients have to be increased 
by 0.036$ and 0.061$ . Because this correction is so small 
and because it has become conventional not to apply it, it 
has not been used in the present work. If it were taken
34
account o f , i t  would in crease the a c t iv a t io n  energy by only 
0 .5 $  in  the present case* This i s  n e g lig ib le  compared vtith 
the o v er a ll error l im it s  oprating due to  other causes* 
Determ ination of the P enetration  P r o f ile
A fter  the heat treatm ent, a f l a t  face was ground at 
r ig h t angles to  the in te r fa c e  and p a r a lle l  to  the ax is  o f  
the cy lin d ers a f te r  they had been s e t  in  a p o ly ester  resin*
This i s  carried out fo r  two reasons. F ir s t ly ,  i t  removes the 
surface la y ers  through which d iffu s io n  could take place at 
a d if fe r e n t  rate than through the bulk of the specimen and 
secondly , i t  provides a lon ger , v is ib le  d if fu s io n  zone. Those 
runs in  which the p en etration  was found to  be very small were 
then cut at an angle to  the o r ig in a l in te r fa c e  by a diamond 
s l i t t i n g  wheel as shown in  f i g .  4 .2 .  This procedure e f f e c t iv e ly  
in crea se s  the apparent depth of p en etration  by a fa c to r  1 /s in ö , 
where 0  i s  the angle between the cut and the o r ig in a l in te r ­
face  (see  f i g .  4 . 2 ( a ) ) .  I f  D denotes the apparent d i f -
o l l fe
fu s io n  c o e f f ic ie n t  found by a n g le -cu ttin g  and D^  i s  the true 
d iffu s io n  c o e f f ic ie n t  operating, then:
D. = sin^0D .............................................................. ( 4 . 1 )t  ang
For example, at 5° an in crease  in  the apparent d iffu s io n  
c o e f f ic ie n t  o f approximately 100 i s  ach ieved .
A fter  lo n g titu d in a l or a n g le -cu ttin g  the couples were 
c a r e fu lly  polished  on 600 g r it  grinding paper across the
. . . / 3 7
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MAGNIFICATION OF "ON-FILM" PENETRATION 
DISTANCE BY ANGLE-C UTTING.
X = Y sin e
Longitudinal Sectioning Angle-cutting
Method. Method.
WWW X - R A Y  FILM  
IN ITIAL DEPOSIT
FIG. * 2  (a)
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direction of diffusion and then thoroughly washed to remove 
any stray radioactivity. After thorough drying they were 
placed in contact with some Kodak, Microtex X-ray film and 
exposed for an average of one w$ek. Typical autoradiographs 
are shown in figure 4*3«
After processing, when it had dried, the film was scanned 
on a Hilger and Watts type 1451 microphotometer, the output 
of which was recorded on a Leeds and Northrup G- type recorder. 
An effective on-film slit size of 0.01 mm by 0.5 mm was used, 
so that it was possible to obtain up to eight scans from a 
goods autoradiograph, thus producing sixteen diffusion co­
efficients from the one specimen. Four typical scans from 
different runs are shown in figure 4.4. The nominal scanning 
speed of the microphotometer was 0.25 mm/min and that of the 
recorder chart 1 inch/ min. These speeds were measured acc­
urately and it was found that the ratio of the distance on 
the film to distance on the chart was .009962 within an acc­
uracy of .16$. The charts were then scanned on a two dimen­
sional travelling microscope as shown in figure 4*5. This 
instrument is capable of meausring to 0.01mm and as it is 
only justified to measure penetration distances on the chart 
to 0.1mm because of the grain size of the film no loss of 
accuracy occurs at this stage.
Resolution
Two precautions associated with this photographic tech­
nique which have to be taken into account are the resolution
.. •/41
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and the liniarity of the film. Figure 4.4(a) shows what is
meant hy ‘’resolution”. A thin film of radioactive calcium
between two single crystals of magnesium oxide, placed on an
X-ray film before any penetration has taken place, produces
a broad image instead of a line as thin as the deposit itself.
This is because the ß particles from the calcium can penetrate
the magnesium oxide and expose the film some distance away
from the interface. After diffusion has taken place a similar
situation will operate. If the diffusion zone is broken up
into a large number of infinitely thin slices, each slice will
act as a source of radiation and produce a broad line on the
film just like the original deposit in the undiffused case.
All these lines then add up to produce the final apparent
1diffusion. Brown found that the undiffused profile had a
Gaussian shape and therefore it was possible to evaluate an
apparent Dt or (Dt) by the methods given in the previous
chapter, and then to correct for this resolution effect by
simply subtracting the (Dt) from the apparent Dt after v 16 s
diffusion or (Dt) ^ . That is:app
(Dt)true = ^)app - (Dt>res.............
As shown in figure 4*6, it was found that the undiffused scan
had a Gaussian profile only to a first approximation, therefore 
the cases in which the ratio of (Dt)r0g to (Dt) was greater 
than 10$ could not be relied upon and angle-cutting had to be 
used to improve the resolution. (The figure of 10$ was chosen
.../43
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because the measurement of the angle introduces a 10^ un­
certainty in the final diffusion coefficient. Therefore the 
accuracy that could be gained by better resolution is lost in 
the measurement of the angle if the resolution correction is 
smaller than 10$.) The magnitude of the resolution correction, 
or (Dt) , will be the same in the case of the angle-cutting 
as in the case of the longitiudinal sectioning. This is so 
because, the film sees the same kind of radioactivity distri­
bution as in the case of the longtitudinal sectioning. There­
fore the same resolution correction must apply. However, 
because the apparent Dt found by angle-cutting is increased
pby a factor of 1/sin ©  the percentage resolution correction 
will be reduced by sin ©  •
Liniarity
The photographic density of the exposure on the X-ray 
film is defined as log(IQ/I) where IQ is the amount of light 
transmitted through the unexposed part of the film and I is the 
amount of light transmitted through the exposed part. It is 
found that the concentration of radioactivity is directly pro­
portional to the photographic density up to a maximum value 
for log(IQ/l). This is called the linear range of the film.
In this case it was determined by exposing the Microtex film 
with a source for various times. The was chosen 
because it was readily available in a convenient form and
44
since it has the same type of radiation as Ca. The resultant 
graph is shown in figure 4.7, from which it can he seen that 
the linear range of Microtex film for ß -particle exposure 
extends up to a value for l o g ^ C l ^ l )  of at least 1.5. In 
the present case a value of one for log.jQ(I0/l) was not exceeded 
Shrinkage. Alignment and Smearing
As all photographic emulsions tend to shrink when de­
veloped, care must he taken that the dimensions measured on 
the film are corrected to dimensions on the crystal. In this 
case the film shrinkage was measured to he approximately 
so that the diffusion coefficients have to he increased hy 2$.
If the autoradiograph is not scanned exactly at right 
angles to the original interface, this will produce an apparent 
magnification of the diffusion zone, analogous to angle­
cutting. It is estimated that the interface can he lined up 
with the slit to within 1° so that the value of 0  to he applied 
in eqn. 4.1 is 89°. Thus the error introduced due to mis­
alignment can only increase D hy .04$.
A third possible source of error during autoradiography 
is the production of a false image, due to smearing of the 
radioactivity or chemical reaction between the specimen and 
the film. During the present work no evidence of this effect 
was found hut when there was any suspicion that smearing could 
have occured the specimen was again ground, washed and 
autoradiographed. .../46
45
2 
5
45
EX
PO
SU
R
E 
TI
M
E
 
(H
O
U
R
S
)
46
Analysis of Penetration Profiles
The x,I data obtained from the charts were fed into an 
IBM 1620 computer which was programmed to evaluate the corr­
esponding x,C data (from ln(IQ/I) = C) and then to fit str-
2 2aight lines of the form G vs.x and ln(dC.dx)vs.x as dis­
cussed in chapter 3. Some typical curves obtained are given 
in figures 3*2, 4.6, and others can be seen in figures 4.8 
and 4*9.
Because the amount of calcium deposited could not be 
controlled as accurately as envisaged at the start some 
penetrations showed a Gaussian profile instead of the more 
usual error function type. That is, too small an amount of 
calcium appeared to have been deposited in these cases. Those 
diffusion coefficients which were calculated from a Gaussian 
profile or from a profile which was somewhere between Gaussian 
and error function, were excluded from subsequent calculations.
The largest errors during the analysis occur because of 
the uncertainty in the choice of IQ, the unexposed level and 
xQ, the position of the original deposit. If the value of IQ 
was increased or decreased by the diffusion coefficient
correspondingly increased or decreased by 10$. Thus, because 
it was estimated that IQ could be measured to only - 1$, this 
introduced an error of - 10$ in the diffusion coefficient.
It was found that a change of .01cm in xQ on the chart produced
. .  ./49
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approximately an 0*5$ change in D but that an equal change 
on both sides of a symmetric scan (plus on one side, minus 
on the other) produced only an 0.03$ change in the average 
D, In some scans an estimated error as high as - 0.5cm on 
the chart could occur in the choice of xQ so that an error 
of - 25$ will result in the individual D's but the average 
across the scan will only have an uncertainty of i 1.5$.
The above discussion has assumed that the two crystals 
forming the sandwich are in intimate contact and that there 
is no gap between them. Prom observations of the diffusion 
couples under a microscope it was difficult to determine 
whether any such gap existed, but if it did exist, it was * 
no more than .002 cm (.2 cm on chart). This would increase 
the diffusion coefficient on both sides of the scan by 5$.
As mentioned in the previous chapter, the diffusion 
coefficients have to be worked out between the same limits 
of Dt for x in each case if the theory given in chapter 3 
is to be applied. However it was found that this could not 
be achieved in all cases and an uncertainty of 8$ in D was 
estimated to be produced by the variation in the limits for x.
The accuracy of the conversion factor used for changing 
from length on chart to length on crystal has already been 
mentioned. However, in the case of angle-cutting, another 
variable, the measurement of the angle, is introduced. The 
crystal was mounted on a jig and measured before and after
50
cutting in the same geometry, by the travelling microscope 
as shown in figure 4.10. It was estimated that this angle 
could be measured to an accuracy of - i° at 5°. This means 
an error of - 5$ in the angle or - 10$ in the diffusion co­
efficient. Also, it was found that estimation of xQ was 
more difficult in the case of the angle-cutting.
Summary of Errors
Summary of the errors mentioned above is given in table 
4.1. It can be seen that after correcting for systematic 
errors, individual diffusion coefficients at 1500°C can be 
quoted to an accuracy of 18$ in the case of the longtitudinal 
section and 20$ in the case of angle-cutting. At lower 
temperatures the errors will be higher - up to 30$ at 1000°C.
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Table 4.1
Typical Magnitudes of Random Errors at 1500°C 
Variable Error in Diffusion coefficient
Temperature measurement ± 10$
Time ± .04$
Conversion factor (length on 
chart/length on film) - .3$
xo t 10$
Xo t  10$
Limits for x CO
+ 1
Total* i 18$
In addition to these, in the case of angle-cuttings
Angle measurement - 10$
Total* ± 20$
*This total is the square root of the sum of the
squares of the individual errors
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5» PRINCIPAL RESULTS 
Ca i n  S in g le  C r y s t a l  MgO
The d i f f u s i o n  c o e f f i c i e n t s  found by  th e  t e c h n iq u e s  
g iv e n  i n  t h e  p r e v io u s  c h a p t e r s  f o r  Ca d i f f u s i n g  i n t o  s i n g l e  
c r y s t a l  MgO a re  l i s t e d  i n  t a b l e  5*1 and p l o t t e d  a s  a  g ra p h  o f  
log^Q  D v s .  1/T where T i s  th e  a b s o l u t e  t e m p e r a tu r e  i n  f i g u r e  
5 .1 .  I n  a l l  c a s e s  th e  d i f f u s i o n  c o e f f i c i e n t s  were c a l c u l a t e d  
by  f i t t i n g  an  e q u a t io n  o f  th e  G-aussian ty p e  to  t h e  o b se rv e d  
p e n e t r a t i o n  p r o f i l e s  and e a c h  p l o t t e d  p o i n t  i s  th e  mean o f  a l l  
t h e  c o e f f i c i e n t s  c a l c u l a t e d  from  a  s i n g l e  a u to r a d io g r a p h .  A 
s t r a i g h t  l i n e  o f  t h e  fo rm  l o g  D = l o g  Dq -  Q/kT was f i t t e d  by 
l e a s t  s q u a r e s  t o  t h e  p o i n t s  w hich  were d e r iv e d  from  an  e r r o r  
f u n c t i o n  p r o f i l e .  I n  t h i s  way Q was c a l c u l a t e d  to  be 2 .1 -0 .2 e V  
and Dq = ( 1 .8^Q *g)x1cr^cm 2/ s e c .
The v a r i a t i o n  o f  th e  d i f f u s i o n  c o e f f i c i e n t s  found  from  
s c a n s  of t h e  one a u to r a d io g r a p h  a r e  shown i n  t a b l e  5*2 and 
f i g u r e  5 . 2 .  The d a t a  i n  t a b l e  5 .2  i s  s e t  o u t  i n  p o s i t i o n s  
c o r r e s p o n d in g  t o  th e  p o s i t i o n s  on t h e  a u to r a d io g r a p h  from  
w hich  th e  d i f f u s i o n  c o e f f i c i e n t s  were c a l c u l a t e d .  The " e r r o r  
b a r s ” i n  f i g u r e  5*2 r e p r e s e n t  by t h e i r  l i m i t s  th e  maximum and 
minimum v a lu e s  found i n  e a c h  ru n ;  f o r  c l a r i t y ,  th e  p o i n t s  a t  
910°C and 1051°C have b e e n  o m it te d  t o  a l lo w  th e  s c a l e  t o  be 
ex p an d ed . . .  . / 5 9
Table 5.1
5*5
The Diffusion Coefficients 
of
Calcium in Single Crystal Magnesium Oxide
Demperature Time Diffusion
Coefficient
Profile
Type
(°0) (hr) p(cm /sec)
910 3,168.0 2.06 x 1014 E
1051 2,184.0 8.76 E
1270 754.0 2.32 x 10"12 E
1382 857.0 7.92 E
1454 672.0 9.97 G
1458 738.0 8.22 E
1464 978.0 9.35 G
1537 691.5 1.20 x 10-11 E
1544 426.0 3.43 E
1545 341.6 3.11 G
1571 347.7 1.83 E
1604 192.0 4.41 E
1617 157.5 3.83 E
1671 235.5 6.71 G
1676 169.0 7.88 E
1681 230.5 4.23 G
1700 35.8 6.54 E
*E and G indicate error function or Gaussian profile respectively.
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Variation of D Within a Single Specimen
3.02 x IO-11
iii 2.26 x 10-11*
Pcm /sec
2.42 Ii 1.93
2.24 i\ 1.95
2.14
ii
H  i 2.25
2.23 r> 3.50
Interface
Direction of
r
Diffusion
Temperature: 1571°C
Time: 347.7 hr
5.43 x 10-11 ii
—11 *4.68 x 10 " pcm /sec
4.51 i 5.43
4.14 jI 4.34
4.12 i 4.08
4.64 ii 4.29
4.48 I 4.97
4.94 f\ 4.99
Interface
__ ..  „ "x.
Directions oi
—  ^
” Diffusion
Temperature: 1617°C
Time: 157.5 hr
*The microphotometer slit width for each scan was 0.05cm and 
the average distance between centre lines of each scanning path 
was 0.08cm.
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Table 5.3 shows the comparison of D*s calculated by the
Gaussian method and the error function method. The average
standard deviation for the least squares fit to the line
2ln(d6/dx) vs. x was 15$ in the scans used whereas the average
standard deviation for the least squares fit to the line ln£
2vs. x was only 2$.
Ni in Single Crystal MgO
Three experiments of the same type as described above for 
Ca were carried out for Ni diffusing into single crystal MgO.
The tracer employed was ^Ni which was deposited as NiClg on 
the end faces of the crystals. All the observed penetration 
profiles were of the Gaussian type. The corresponding diffus­
ion coefficients are listed in table 5.4 and plotted graphically 
in figure 5.3*
Ca in Polycrystalline MgO
Two diffusion runs were carried out using the two types 
of polycrystal purchased. In both cases the radioactive calcium 
chloride solution was deposited on a single crystal and when 
this had dried, a polycrystal was butted against it. The 0.1 
mm grain size (2.t6lgm/cc density) was heated for eight weeks 
at 1286°C. The penetration into the polycrystal was very much 
greater than into the single crystal as shown in figure 5.4 
which is a 10X enlarged photograph of the resultant auto­
radiograph. A comparison with lattice diffusion is possible
if the penetration is assumed to be proportional to jDt. At
., ./64
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Table 3.3
Comparison of diffusion coefficients calculated by the Gaussian 
method and the error function method from data having an error 
function profile.
Temp Time D by Gaus s . D by error* T) -|■erf c **
method fn. method ^Gauss exp Da c<
(°C) (hr.) (cm^/sec) (cm^/sec) - ^
1382 857.0 7.92x10-12 14.37x10-12 1.8 1.6
1458 738.0 8.22 14.08 1.7 1.4
1537 691.5 1.20x10~11 2.00x10"11 1.7 1.4
1544 426.0 3.43 4.55 1.3 1.4
1571 347.7 1.83 3.38 1.9 1.6
1604 192.0 4.41 7.65 1.7 1.4
1617 157.5 3.83 6.04 1.6 1• 6
1700 335.8 6.54 9.01 1.4 1.4
*These diffusion coefficients were calculated from the 
slope of the straight line ln(dc/dx) vs. x as discussed in 
chapter 3. Because of the scatter of the experimental points 
this analysis could only be applied in a few cases and there­
fore these D's are the average of only 2 to 3 scans out of a 
total number of 8 to 10 from the one autoradiograph.
**These averages were calculated by numerically integrating
the curve Dc/Da vs. x/ DQt between the limits of J I>ct operating
for x. There is a variation in these values because the limits
of NflT"t operating for x varied slightly between the different c
runs •
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Table 5»4
D iffu s io n  C o e ff ic ie n ts  
o f
N ickel i n  S ing le  C ry s ta l Magnesium Oxide
Tem perature Time 
(°C) (h r)
1458 738.0  
1544 426-.0 
1604 192.0
D iffu s io n  C o e ff ic ie n t
2
(cm / s e c )
1.59x10"11 
6 .23x10“ 11 
1.97x10"10
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1286°C i t  i s  found  i n  t h i s  way t h a t  th e  a p p a r e n t  d i f f u s i o n  co­
e f f i c i e n t  o p e r a t i n g  i n  th e  p o l y c r y s t a l  i s  a b o u t  10^ t im e s  
g r e a t e r  t h a n  th e  c o r r e s p o n d in g  l a t t i c e  d i f f u s i o n  c o e f f i c i e n t .
The o t h e r  p o l y c r y s t a l l i n e  c o u p le  was made from  1mm g r a i n  
s i z e  m a t e r i a l  and was h e a t e d  a t  1051°C f o r  t h r e e  m o n th s .
F ig u re  5 .5  shows a  p h o to g ra p h  o f  th e  a c t u a l  c r y s t a l  and th e  
a s s o c i a t e d  a u t o r a d i o g r a p h ,  b o th  h a v in g  a m a g n i f i c a t i o n  o f  10. 
I t  can  be c l e a r l y  s e e n  t h a t  th e  p e n e t r a t i o n  a lo n g  th e  g r a i n  
b o u n d a r i e s  i s  much l a r g e r  t h a n  i n t o  th e  g r a i n s  o r  i n t o  th e  
s i n g l e  c r y s t a l .  As a b o v e ,  t a k i n g  th e  p e n e t r a t i o n  a s  p r o p o r t ­
i o n a l  t o  / 5 t  i t  i s  found  t h a t  a t  1051°C th e  a p p a r e n t  d i f f u s i o n  
c o e f f i c i e n t  o p e r a t i n g  i n  t h e  p o l y c r y s t a l  i s  a g a i n  a b o u t  10 ^ 
t im e s  g r e a t e r  t h a n  th e  c o r r e s p o n d in g  l a t t i c e  d i f f u s i o n  c o e f f ­
i c i e n t .
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Polycryetalline and Single Crystal MgO 
Diffusion Couple
Magnification X10
Autoradiograph of the above Diffusion Couple 
after heating at 1051 °C for 13 weeks
Magnification X10
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6. DISCUSSION
Agreement with Published Data»
It was noted in chapter one that the activation energies 
obtained by Wuensch and Vasilos for diffusion of the transition 
metal ions in single crystal magnesium oxide and the activation 
energy for the self-diffusion of magnesium oxide could be re­
lated by the equation:
log10(Q/kt) = k2(rA) ..................... (6,1)
Taking the ionic radius , r, for Ca to be 1.0x10-ocm and the 
ionic electronic polarizability^, , to be 0.5x10“^cm^ sub­
stitution in this equation predicts that the activation energy 
for the diffusion of calcium in magnesium oxide should be 1.9eV. 
It is clear that the present value of 2.1-.2eV is consistant
with this correlation. If the data for Ca is included in the
\
evaluation of the constants in eqn. 6.1, more general values 
for k^  and k2 become available: 
k1 = 1.47 eV 
k 2 = 0.0623x10-l6cm2
The fact that the correlation originally established for 
the transition metal ions has now been found to hold for cal­
cium means that it may be possible to extend it to the diffusion 
of all bivalent metal ions in magnesium oxide. Further, it 
suggests that the same mechanism of diffusion operates in all
these cases.
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Mechanism of D iffu s io n
More in fo rm a tio n  i s  re q u ire d  to  determ ine th e  mechanism 
of d i f f u s io n ,  as a  sim ple d e te rm in a tio n  of th e  a c t iv a t io n  
energy i s  n o t u s u a lly  s u f f i c i e n t .  One such p ro p e r ty  which 
i s  c lo s e ly  r e la te d  to  th e rm al d i f fu s io n  i s  th e  e l e c t r i c a l  
c o n d u c tiv i ty  of the  m a te r ia l .  In  a s o l id  l ik e  magnesium oxide 
two d i s t i n c t  modes of e l e c t r i c a l  c o n d u c tiv i ty  a re  p o s s ib le .  
F i r s t l y ,  th e  t r a n s f e r  of e l e c t r i c i t y  can tak e  p lace  by th e  
m otion o f c a t io n  and an ion  v a c a n c ie s , o r by the  m otion o f th e  
io n s as i n t e r s t i t i a l s  th rough  th e  l a t t i c e .  This i s  c a lle d  
io n ic  c o n d u c tiv i ty . Secondly , conduction  can tak e  p lace  by th e  
m otion o f e le c t ro n s  due to  excess magnesium or th e  m otion of 
p o s i t iv e  h o le s  due to  excess oxygen o r th e  m otion of i n t r i n s i c  
e le c t ro n s  and h o le s  i f  th e  magnesium oxide behaves as a 
sem iconductor a t  e lev a ted  te m p e ra tu re s . T his i s  r e fe r re d  
to  as e le c t ro n ic  c o n d u c tiv ity ^
E x p erim en ta lly , th e  im p o rtan t d if fe re n c e  between th e se  
two modes i s  th a t  i f  th e  c o n d u c tiv ity  i s  e le c t ro n ic  th e re  
i s  no n e t t  mass t r a n s f e r  under th e  in f lu e n c e  o f an e l e c t r i c  
f i e l d  w h ile  i f  i t  i s  io n ic  th e re  i s  a n e t t  mass t r a n s f e r .
A consequence of t h i s  i s  th a t  i f  MgO i s  an e le c t ro n ic  
con d u c to r, d e fe c ts  which p a r t i c ip a te  i n  th e  observed d i f fu s io n  
must be n e u t r a l .
Mitoff-^ r e p o r ts  th a t  th e  c o n d u c tiv ity  o f MgO a t  1300°C 
i s  e le c t ro n ic  r e th e r  th a n  io n ic ,  th e re fo r e  c a t io n  d i f fu s io n  
must ta k e  p lace  by one of th e  fo llo w in g  mechanisms:
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(a) cation exchange with mobile neutral cation vacancy- 
cation impurity pairs.
(b) cation exchange with mobile neutral cation-anion 
vacancy pairs.
(c) direct exchange of cations in pairs or by a ring-of- 
four mechanism.
Each one of these mechanisms will have a certain prob­
ability but further experiments would have to be carried out 
to see which is the predominant one. In mechanism (a) the 
impurity referred to is not the diffusing or tracer impurity 
whose motion is being studied, but it is an impurity already 
present in the crystal before the diffusion annealing takes 
place. If this mechanism is the predominant one the addition 
of multivalent impurities to the MgO should strongly increase 
the diffusion rate. The excess positive charge of the added 
impurities would attract cation vacancies and the tendency to 
form stable, mobile cation vacancy-cation impurity pairs would 
be greatly increased and therefore if the diffusion rate de­
pended on the formation of this type of defect, it would also 
be increased.
If doping with multivalent impurities does not increase 
the diffusion rate then mechanism (b) or (c) operates. Of the 
two possible modes in mechanism (c) the direct exchange must 
be given little weight because it has been found^ that in 
metals the energy required for such a movement is prohibitively
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large and the same is probably true of MgO. To determine whethe:
cations diffuse by exchange with cation—anion vacancy pairs or
by a ring-of-four mechanism an isotope experiment of the type 
5carried out for iron diffusing into copper may have to be 
carried out.
The fact that no change in the activation energy for di-
fussion was found in the range 1000°C to 1700°C means that the
type of conductivity found at 1300°C by Mitoff probably extends 
o 6up to 1700 C. Wuensch and Vasilos suggest that the existence 
of stable cation-anion vacancy pairs at these temperatures would 
require an association energy which is rather high. For this 
reason they favour a simple cation-cation vacancy exchange 
mechanism despite Mitoff's finding of no ionic conductivity.
This view is supported by Schmalzried' who disagrees with 
Mitoff and finds that conduction in MgO is ionic. The problem 
cannot be resolved one way or the other as the conductivity 
experiments were carried out on relatively impure MgO (iron 
being the predominant impurity). When conductivity measure­
ments are made on the purer crystals now available the picture 
might be clarified.
Homogeneity of Crystals
As äiown in table 5.2 and figure 5.2 the variation of the 
individual diffusion coefficients within a specimen was found 
in the majority of runs to be no larger than expected from the 
error limits operating in these experiments. However, although
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all runs were carried out under identical experimental conditions, 
some specimens showed an unusually large fluctuation in the 
diffusion coefficient. This occasional large variation was not 
found preferentially in any particular region of the crystals 
used, and so can he attributed to random inhomogeneity. This 
is probably due to an uneven distribution of impurities or dis­
locations both of which can strongly influence rates of 
diffusion.
Frequency Factor
The value of 1.8x10 cm /sec. obtained for the frequency
factor, D q, is the same order of magnitude as the value obtained
for the diffusion of the transition metal ions in MgO. As
table 5*3 shows, the discrepency between the experimental and
theoretical values of DC/Da is no greater than expected due to
the probable errors in the individual diffusion coefficients.
Therefore, applying the theoretical value for Dc/Da of 1.5,
-5 2 /the best value for J)Q that can be quoted is 2.7x10 cm /sec.
Ni in Single Crystal MgO
The results for nickel diffusing into single crystal mag­
nesium oxide agree only at the lower temperatures with those 
quoted by Wuensch and Vasilos. At higher temperatures the pre­
sent Ni results are higher than those quoted earlier. This re­
sult is contrary to the general finding that diffusion rates 
increase with impurity content, as the present crystals are 
purer than the ones used in the previous work. There does not
seem to be any satisfactory explanation of this discrepancy 
available at this stage
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Ca in Polycrystalline MgO.
The large tracer penetrations observed in the case of 
calcium diffusing through polycrystalline MgO support the
ofindings of Wuensch and Vasilos who found that the diffusion
of Ni in polycrystalline MgO was controlled by grain boundaries
0 9at temperatures below 1700 C and is contrary to Zaplatynslqr
10and others who found that the ratio of grain boundary 
diffusion to lattice diffusion in MgO was unity. However, 
because of the low densities (73$ and 86$ of single crystal 
density) involved, more experiments have to be performed to 
test whether the large penetrations observed are really due 
to diffusion or whether the calcium has penetrated by some 
other mechanism such as vapour transport.
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7 . CONCLUSIONS
The tem pera tu re  dependence over th e  range 1000°C to  
1700°C of th e  d if fu s io n  c o e f f ic ie n t  f o r  Ca++ d if fu s in g  
in to  s in g le  c r y s ta l  magnesium oxide can be expressed  by 
th e  fo llo w in g  eq u a tio n :
D = DQexp(-Q/kT)
c 2 /where frequency  f a c to r  = 2.7x10 ^cm / s e c  
Q = a c t iv a t io n  energy = 2.1 eV 
k = Bolzmam^s c o n s ta n t 
T = ab so lu te  tem p era tu re
This r e s u l t  ag rees  w ith  th e  c o r r e la t io n  o r ig in a l ly  
found by Wuensch and V as ilo s  f o r  th e  d i f fu s io n  o f c e r t a in  
t r a n s i t i o n  m etal io n s  in  s in g le  c r y s ta l  magnesium o x id e . 
They found th a t  th e  lo g a rith m  of the  a c t iv a t io n  energy 
was p ro p o r tio n a l to  th e  r a t i o  of th e  io n ic  ra d iu s  of th e  
d i f fu s in g  c a tio n  to  i t s  io n ic  e le c t ro n ic  p o l a r i z a b i l i t y .  
Combining a l l  th e  r e s u l t s  t h i s  can now be w r i t te n :
l ° g l o ( Q / k i ) = k2(rA0
where k^  = 1.47 eV
k2 = 0.0623x10-1 6 cm2
I t  i s  p o s s ib le  th e re fo re  th a t  t h i s  e q u a tio n , w ith  perhaps 
a  s l i g h t  change in  th e  c o n s ta n ts ,  w i l l  be found to  apply  
f o r  th e  d if fu s io n  of a l l  b iv a le n t  m eta l io n s  i n  s in g le
crystal magnesium oxide. The mechanism of diffusion in 
all these cases has not yet been established but some 
further experiments may throw light on this problem.
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It was also found that the apparent diffusion of 
calcium through low-density poly crystalline magnesium 
oxide took place predominantly along grain boundaries.
